Abstract. COMM Domain-containing or COMMD proteins are a recently discovered group of factors defined by the presence of a unique motif in their extreme carboxy termini (Copper metabolism MURR1, or COMM domain). This protein family is comprised of ten members which are widely conserved throughout evolution and share certain functional properties. At the present time, a number of seemingly discrete functions have been ascribed to these factors. These include the regulation of such events as the activity of the transcription factor NFkB, copper homeostasis, the function of the epithelial sodium channel, and cell proliferation. A unifying mechanism that would explain all these events is lacking at the moment, but recent studies suggest that regulation of the ubiquitin pathway may be the basis of many of the functions of the COMMD protein family.
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The COMMD gene family COMM domain-containing or COMMD proteins are a group of evolutionarily conserved factors present in a wide range of multicellular organisms (Fig. 1a) [1] . The defining characteristic of all the members of the family is the presence of a highly conserved and unique domain in the extreme carboxy terminus of these proteins (Fig. 1b) . The founding member of this family, COMMD1, was first identified as a gene in close proximity to the imprinted murine gene U2af1-rs1 [2] . Therefore, it was initially designated as Murr1 (Mouse U2af1-rs1 region 1). Similarly, an unrelated gene also located in proximity to murine U2af1-rs1 was named Murr2, precluding the use of this root name to designate family members that were discovered a few years later. The genomic organization of the U2af1-rs1 and Commd1 loci is unique to the mouse and results in specific transcriptional regulatory events due to the proximity of Commd1 to this imprinted gene [3, 4] . However, this is not observed in other species, including humans, where the U2AF1-RS1gene is located in a different genomic area [2] . Subsequent to its initial designation, the COMMD1 locus was found to be mutated in canine copper toxicosis and was hence designated as the copper metabolism MURR1 gene [5] . Additional members of the family were later identified in a biochemical screen for interacting proteins with homology to MURR1 [1] . This screen co-purified three factors that had an area of homology with MURR1, which was subsequently designated as the copper metabolism MURR1 domain. Additional searches in NCBI protein databases allowed the identification of all family members, which were subsequently named COMMD1 through 10. The 10 members of this family are found in all vertebrates, with significant conservation observed among mammals and even fish. Additionally, a recent analysis of available sequences indicates that all ten of these factors are also present in Dictyostelium discoideum, and several COMMD genes are also identifiable in Drosophila and Caenorhabditis species, as well as in several unicellular protozoa (Fig. 1a) . Most COMMD proteins are about 200 residues in length and all possess a 70 to 85 amino-acids-long carboxy-terminal COMM domain and an a-helicalrich amino terminus (Fig. 1b) [1] . The main exception to this architecture is mammalian COMMD6, which consists primarily of a COMM domain. Outside the COMM domain, each COMMD protein contains a unique amino-terminal region, which are divergent across members of the family but are highly conserved among its orthologs in other species. For example, while human and zebrafish COMMD1 are 72 % conserved, human COMMD1 and COMMD10 are only 34 % conserved when regions outside the COMM domain are included in the comparison. The expression of these genes in mammalian tissues has not been extensively studied, and the available data are derived from tissue expression profiling performed at the mRNA level [1] . These data indicate that some COMMD genes, like COMMD1, are widely expressed in adult tissues. However, other COMMD genes demonstrate preferential expression in certain compartments, as in the case of COMMD9, which is most expressed in myeloid cells and the central nervous system [6] . However, these data have not been confirmed at the RNA level with another method such as quantitative RT-PCR, nor has the expression of these genes at the protein level been reported to date. Similarly, with the exception of COMMD1 and COMMD5, the cellular localization of these proteins is not known. Cell fractionation and imaging methods demonstrate that COMMD1 is distributed throughout the cell, including the nucleus, as well as in perinuclear organelles that have not been further characterized [1, 7, 8] . COMMD5, on the other hand, is known to be a primarily nuclear protein [9] . The COMM domain not only defines this protein family but provides a critical interface for proteinprotein interactions. It has been shown that the COMM domain mediates COMMD1-COMMD1 interactions as well as binding with other COMMD proteins. Interestingly, Narindrasorasak and colleagues recently confirmed the ability of COMMD1 to oligomerize via its COMM domain, and demonstrated that recombinant human COMMD1 primarily migrates as a dimer under non-reducing conditions [10] . Similarly, binding of COMMD1 to other proteins such as Cul2 and it associated factors is mediated by this critical domain [1, 11, 12] . The COMM domain is leucine rich and contains an invariably conserved tryptophan (Fig. 2) . The tertiary structure of the COMM domain has not been solved, although secondary-structure algorithms predict the presence of a conserved b sheet and an extreme carboxy-terminal ahelix. On the other hand, the structure of the amino terminus of COMMD1 has been recently reported and demonstrates a packed sequence of five a-helices with the last three adopting a distinct three-helix bundle [13] . Given the growing number of proteinprotein interactions that the COMMDs participate in [1, 7, 11, 12, 14 -16] , additional structural information about these factors, particularly their COMM domain, will be informative in understanding their mechanism of binding.
COMMD proteins regulate NF-kB-mediated transcription
One of the functions first ascribed to COMMD1 (and later to other COMMD proteins) is its ability to inhibit NF-kB [1, 15] , a transcription factor that promotes the expression of gene products involved in several processes including cell survival, inflammation, viral replication, and oncogenesis [17 -20] . NF-kB consists of dimers formed by conserved proteins that share a defining 300 amino acid sequence termed the Rel Homology Domain (RHD). In mammals, there are five genes that encode members of this family: RELA, RELB, REL, NFKB1 and NFKB2. NF-kB-mediated gene expression is regulated to a large extent by cytoplasmic sequestration of the NF-kB complex. In the canonical NF-kB pathway, this is the result of interactions between the inhibitory IkB proteins and NF-kB complexes [21, 22] . Activation of a multimeric kinase known as the IkB kinase (IKK) complex results in phosphorylation of IkB. Once phosphorylated, IkB is ubiquitinated by a multimeric ubiquitin ligase containing Cul1, targeting it for proteasomal degradation [23, 24] . IkB degradation enables the translocation of NF-kB complexes to the nucleus where they bind to cognate DNA sequences present in an array of promoters, ultimately resulting in induction of gene expression. The first indication that COMMD1 regulates the NFkB pathway stemmed from efforts to identify novel interacting partners of the X-linked inhibitor of apoptosis (XIAP) [7] . COMMD1 was identified in a yeast two-hybrid screen as a factor binding to XIAP. This association did not modulate the anti-apoptotic activity of XIAP, but rather abrogated XIAP-mediated activation of NF-kB. As an extension of this observation, COMMD1 was shown to inhibit NF-kB activation mediated by a number of additional stimuli [15] . Subsequent studies identified that to various degrees, all members of the COMMD family were capable of inhibiting NF-kB transcriptional activity, and that the COMM domain plays a critical role in this process [1, 12] . Given the ability of COMMD proteins to broadly inhibit the NF-kB pathway, it can be anticipated that they would be involved in biologic processes that are regulated by NF-kB. One such example is the The degree of conservation of each amino acid residue among these sequences is indicated based on Dayhoff PAM 250 scoring matrices (red, 90 % conserved; blue, 70 % conserved; yellow, 50 % conserved). In addition, the most conserved amino acid residues within the domain are indicated underneath, as determined in an alignment of over 90 homologs in multiple species. Residues marked in red font in the consensus sequence exhibit the highest conservation in the domain when the extended alignment of multiple homologs is analyzed.
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Vol. 64, 2007 replication of HIV-1, a virus that contains two kBbinding sites in its genome and is highly dependent on NF-kB for its replication to occur [25] . Indeed, expression of COMMD1 in CD4 + T cells abrogated HIV-1 replication, whereas endogenous depletion of COMMD1 accelerated it [15] . These observations are consistent with gene expression data in animal models of SIV, in which disease progression correlated well with COMMD1 levels [26] . Macaques that experienced slow disease progression after SIV infection had higher levels of COMMD1 mRNA compared to those with typical or accelerated rates of disease progression (GEO database, record GDS172), again suggesting that COMMD1 is a resistance factor against lentiviral infection. In addition to their effect on viral replication, COMMD proteins negatively regulate expression of a number of pro-inflammatory NF-kB-inducible genes [11] . In response to tumor necrosis factor (TNF) stimulation, cells deficient in COMMD1 accumulate higher amounts of mRNA of kB-dependent genes such as ICAM1 (290 % higher) and CCL2 (50 % higher). Furthermore, conditioned media from these cells promote enhanced chemotaxis of freshly isolated peripheral blood mononuclear cells across a membrane barrier (a 60 % increase compared to the control). This increase in chemotaxis rate correlates with an increase in secretion of NF-kB-inducible chemokines by COMMD1-deficient cells, such as CCL2 (by 56 % compared to the control). These data collectively demonstrate that by inhibiting NF-kB activity, COMMD1 regulates HIV-1 replication, proinflammatory gene expression, and possibly other processes that remain to be elucidated. The ability of COMMD proteins to inhibit NF-kB activation in response to a broad array of stimuli suggested that they function downstream of the IKK complex, a multimeric kinase required for NF-kB activation. COMMD1 does not interact with IKK, but rather associates with NF-kB subunits themselves, a property shared by other members of the COMMD family [1, 15] . Specifically, COMMD proteins interact with a motif present in the conserved RHD of NF-kB. The IkB family of inhibitory proteins also associate with NF-kB, and this interaction inhibits nuclear accumulation of NF-kB by masking the nuclear localization signal present in the RHD [27] . However, the binding of COMMD1 with RelA, the most abundant NF-kB subunit, does not affect nuclear translocation, a finding consistent with the fact that COMMD1 and IkB-a interact with different motifs within the RHD. These findings indicate that COMMD1-mediated inhibition of NF-kB occurs through a mechanism distinct from the effects of IkB proteins. Other pathways of transcriptional suppression have been described and involve the control of the activity of NFkB in the nucleus [28 -31] . Indeed, COMMD1 was shown to negatively regulate the association of nuclear NF-kB with chromatin [1] . Endogenous depletion of COMMD1 results in more sustained recruitment of RelA to kB-dependent promoter elements, whereas expression of COMMD1 decreases the duration of time RelA remains bound to chromatin. Interestingly, COMMD1 itself was recruited to DNA in a stimulus-dependent manner, although the mechanism for this recruitment has not been further elucidated. These data indicate that COMMD proteins terminate NF-kB-mediated transcriptional responses by destabilizing the interaction between NFkB and its binding sites on chromatin. The mechanism by which this process occurs was poorly understood until recently.
COMMD1 regulation of NF-kB through a Cullin-containing ubiquitin ligase
Work by Saccani and colleagues demonstrated that in addition to IkB-dependent pathways, termination of NF-kB-mediated gene expression requires ubiquitination of DNA-bound RelA, which targets it for proteasomal degradation [29] (Fig. 3) . This raised the possibility that the ability of COMMD1 to affect RelA-chromatin interactions was connected to the ubiquitin-proteasome pathway. Various data indicate that this is the case, as expression of COMMD1 in cells promotes accumulation of endogenous ubiquitinated RelA, whereas endogenous depletion of COMMD1 diminishes the pool of ubiquitinated RelA [11] . These observations correlate with the finding that cells deficient in COMMD1 express higher protein levels of endogenous NF-kB subunits, namely RelA, RelB, p100 and p105. Importantly, endogenous COMMD1 immunoprecipitated complexes can catalyze the formation of poly-ubiquitin chains in an in vitro ubiquitination reaction, indicating that COMMD1 associates with an E3 ubiquitin ligase. The identity of this ligase and its involvement in NF-kB ubiquitination was subsequently determined. Work by Ryo et al. [32] demonstrated that SOCS1, a member of the SOCS family of proteins that share a conserved motif in their carboxy termini called the SOCS box, is capable of ubiquitinating RelA [32] . SOCS1 is also the substrate recognition component of a multimeric ubiquitin ligase containing a Cullin protein [33, 34] . These complexes are referred to as ECS and contain elongins B/C, Cullin 2 or 5, and a SOCS box-containing protein. Therefore, the possibility that COMMD1 might facilitate the ubiquitina- G. N. Maine and E. Burstein COMMD proteins: COMMing to the scene tion of NF-kB through the ECS SOCS1 complex was examined [11] . Indeed, precipitation of COMMD1 from cells was able to recover SOCS1 and other components of the ubiquitin ligase. Furthermore, COMMD1 immunoprecipitates from cells expressing ECS SOCS1 catalyzed poly-ubiquitination of recombinant RelA in an in vitro ubiquitination reaction. Finally, depletion of endogenous Cul2 or SOCS1 by RNA interference abrogated the ability of COMMD1 to promote in vivo ubiquitination of RelA. These data demonstrate that COMMD1 exerts its inhibitory activity by associating with the ECS SOCS1 ubiquitin ligase, resulting in ubiquitination and proteasomal degradation of NF-kB subunits. Interestingly, the recruitment of COMMD1 to promoter sites and its ability to regulate NF-kB-chromatin interactions suggests that these events are likely orchestrated locally on chromatin (Fig. 3) . Studies to ascertain the mechanism of binding between COMMD1 and the ECS SOCS1 complex revealed that COMMD1 binds independently to the Cul2 and SOCS1 subunits of the ligase [11] . The interaction of COMMD1 with Cul2 was mapped to a region that contains the conserved Cullin homology domain. Consistent with this, COMMD1 is also capable of interacting with other Cullin proteins, suggesting that COMMD1 may associate with other ubiquitin ligases. The binding between COMMD1 and Cul2 is inducible by TNF stimulation, indicating that the composition of the complex is affected by activation of the NF-kB pathway. Independent of Cul2, COMMD1 also associates with the SH2 domain of SOCS1 in a manner not affected by TNF. SH2 domains typically provide a binding platform for proteins containing phosphorylated tyrosine residues, but it remains to be determined if such a modification of COMMD1 is required for its association with SOCS1. The functional significance of this interaction is that it enhances recruitment of the ubiquitin ligase to its NF-kB substrate, as COMMD1 stabilizes the binding between SOCS1 and the amino terminus of RelA. These findings identify a novel architecture for Cullin-containing ubiquitin ligases, and suggest the possibility of broader roles for COMMD1 and its homologs in biological processes through the regulation of the ubiquitination pathway.
COMMD1 as a regulator of copper metabolism
Copper is an essential trace element that acts as a catalytic co-factor for a number of enzymes. However, Figure 3 . Model of COMMD1-mediated negative regulation of NF-kB. Activation of the NF-kB pathway enables translocation of NF-kB dimers to the nucleus where they bind cognate promoter elements to induce gene expression. COMMD1 is recruited to chromatin, and later becomes associated with the ECS SOCS1 ubiquitin ligase. We speculate that this results in the recruitment of the entire ubiquitin ligase complex to these promoter sites, facilitating poly-ubiquitination of NF-kB subunits. This event ultimately targets NF-kB for proteasomal degradation and termination of transcription.
Vol. 64, 2007 Review Article 2001 free copper is highly toxic due to its ability to generate hydroxyl radicals, and eukaryotes therefore have delicate and highly conserved mechanisms to handle this transition metal [35] . Mutations in the genes involved in copper homeostasis predictably result in human disease [36] . Studies to identify susceptibility genes associated with a copper toxicosis disorder observed in a purebred dog population led to the identification of a mutation in the COMMD1 locus in affected animals, implicating this gene in copper metabolism [5] . Hardy and colleagues originally described that Bedlington terriers have a high incidence of a unique copper toxicosis disorder, inherited in an autosomal recessive manner [37] . Canine copper toxicosis is characterized by a defect in biliary excretion of copper, resulting in the progressive accumulation of copper in the liver leading to chronic hepatitis and cirrhosis [38] . In humans, the main form of copper toxicosis is Wilson disease, which is caused by mutations in the gene encoding the hepatic copper transporter ATP7B [36] . While copper toxicosis in Bedlington terriers resembles Wilson disease, the canine ortholog of ATP7B and other known copper regulators are not mutated in affected dogs [39] . This prompted the search for the causative gene, which was presumed to be a novel regulator of copper metabolism. Positional cloning efforts determined that an~10 kb deletion involving exon 2 of the COMMD1 gene is associated with the disease phenotype in European pedigrees [5] , and subsequent studies in Australia have observed that all dogs homozygous for this deletion develop the disorder [40] . Consistent with a disease-causing role for this COMMD1 mutation, the protein is absent in affected animals that are homozygous for the exon 2 deletion [8] . Moreover, reduction of COMMD1 expression by RNA interference results in increased accumulation of copper in human embryonic kidney cells [7] and in dog hepatic cells [41] , supporting the notion that COMMD1 plays a role in the control of intracellular copper levels. More recently, it has been demonstrated that not all affected Bedlington terriers carry a deletion in exon 2 of the COMMD1 gene; some affected animals are heterozygous for the COMMD1-deleted state or even carry two alleles without this deletion [40, 42] . To date, no disease-causing mutations have been found in the COMMD1 coding sequence or splice sites of nondeleted alleles that segregate with the disorder, raising questions about the nature of the mutation that results in copper toxicosis in these animals. Importantly, COMMD1 mRNA or protein levels in these dogs have not been reported, leaving open the possibility that there is still another mutation in this gene, for example in the promoter region, that compromises the expression of COMMD1.
Following the description of mutations in the COMMD1 gene of dogs affected with copper toxicosis, similar analyses have been performed in humans [43 -47] . Several reports examining patients affected with non-Wilsonian copper toxicosis, or patients with Wilson disease (including cohorts with atypical features) have not identified disease -causing genetic changes in the COMMD1 gene. Therefore, human examples of a disease caused by mutations in the COMMD1 locus remain to be identified. An additional area of uncertainty at the moment is whether other COMMD genes play a similar role in intracellular copper regulation, a possibility that is plausible based on sequence and functional homologies between these factors. The mechanism by which COMMD1 controls copper excretion has only been partially elucidated. COMMD1 interacts with the copper transporter ATP7B, which is responsible for biliary copper excretion [16] . The interaction between these molecules was mapped to the amino terminus of ATP7B, a region containing the metal-binding domains of the molecule. It has been inferred from this finding that COMMD1 somehow facilitates ATP7B-mediated copper excretion, although the mechanism for this effect is still unknown. Recently, recombinant human COMMD1 was shown to bind copper in vitro, although the role of this association in vivo remains to be established [10] . Interestingly, ATP7B deficiency results in loss of biliary excretion of copper as well as lack of copper incorporation into secreted proteins produced in the liver, with ceruloplasmin being the most notable example [36] . However, unlike patients with Wilson disease, COMMD1-deficient Bedlington terriers have only small changes in ceruloplasmin levels [38] . This implies that the defect in copper handling is specific to its biliary excretion and that other functions of ATP7B, such as facilitating the incorporation of copper into ceruloplasmin in COMMD1-deficient animals, are largely preserved. Therefore, these data predict that the regulatory effect played by COMMD1 in this pathway is very specific. COMMD1-mediated control of copper levels is regulated by XIAP [7] . The connection between XIAP, COMMD1, and copper was first established when XIAP was found to interact with COMMD1 in a yeast two-hybrid screen. XIAP affects intracellular copper levels, but in contrast to COMMD1 [48] .
Other reported functions
In addition to their involvement in the NF-kB pathway and copper homeostasis, COMMD proteins have been reported to play a role in the regulation of other functions. In an effort to identify genes associated with abnormal calcium homeostasis, Johanne Tremblays group cloned and characterized a gene that has higher expression in the parathyroid gland and kidney of spontaneously hypertensive rats, which was named hypertension-related, calcium-regulated gene or HCaRG [9, 49] . This gene was subsequently identified as a member of the COMMD gene family and renamed COMMD5 by the HUGO gene nomenclature committee. COMMD5 is predominantly nuclear and its expression is affected by extracellular calcium levels. Furthermore, COMMD5 appears to be developmentally regulated, as gene expression is more prominent in adult tissues, compared to those from fetal organs. Functional studies indicated that expression of COMMD5 in cells impaired their proliferative capacity and induced a more differentiated phenotype, which correlated with an increase in the expression of the cyclin-dependent kinase (CDK) inhibitor, p21 Cip1/WAF1 [50] . Flow-cytometric analysis of DNA content as a measure of cell cycle progression demonstrated that cells expressing COMMD5 preferentially exhibit G2/M arrest, consistent with an increase in p21 Cip1/WAF1 . Interestingly, COMMD5 levels were decreased in tumors compared to normal tissues, raising the possibility that this gene might be involved in cell cycle regulation in human cancer. In addition to promoting cell cycle arrest, COMMD5 overexpression results in differentiation changes including the formation of lamellipodia, structures involved in cell motility [51] . This is consistent with the increased rate of migration demonstrated by COMMD5-expressing cells. The increase in migratory capacity correlated with heightened expression of genes involved in lamellipodia formation, including transforming growth factor-a (TGF-a). Although the mechanism by which COMMD5 affects TGF-a production is still unknown, the phenotypic changes observed in cells expressing COMMD5 seem to be mediated by an autocrine TGF-a loop.
COMMD1 has also been implicated in sodium homeostasis. Biasio and colleagues demonstrated that COMMD1 interacts with the human epithelial sodium (Na) channel (ENaC), an observation gathered from a yeast two-hybrid screen utilizing the d subunit of ENaC as bait [14] . Further binding studies utilizing recombinant proteins or overexpression in cells demonstrated that COMMD1 can bind to the carboxy terminus of the d subunit, as well as to other ENaC subunits, namely b and g, but not a. Functionally, expression of COMMD1 impairs the sodium current through ENaC channels in Xenopus oocytes. However, the mechanism by which COMMD1 regulates ENaC function remains unknown. Interestingly, the a, b, and g subunits of ENaC are negatively regulated by ubiquitination mediated by Nedd4, a HECT domain-containing ubiquitin ligase [52] . The regulation by Nedd4 requires a conserved PPxY motif in the carboxy terminus of ENaC subunits, which is not present in the d subunit. Whether ubiquitination is a mechanism for regulating dENaC is not known ; however, its regulation by COMMD1 raises the possibility that COMMD1 may mediate its effects via a ubiquitin-proteasome pathway, similar to its role in the termination of NF-kB responses.
Conclusions
COMMD proteins represent a set of regulatory factors involved in several biological processes important for cellular homeostasis. These include the regulation of copper and sodium transport, NFkB activity, cell cycle progression, and others that have yet to be determined. The importance of COMMD proteins in cellular homeostasis is further illustrated by the observation that targeted deletion of several members of this family result in embryonic lethality in mice [E. Burstein, unpublished observations] . One possible unifying mechanism of action for the regulatory properties of the COMMD protein family might be their involvement in the ubiquitin-proteasome pathway. As was recently described, COMMD1 facilitates the termination of the NF-kB response through its association with a Cul2-containing ubiquitin ligase (Fig. 3) . Given that COMMD1 can also interact with other Cullin proteins, we predict that COMMD proteins likely associate with other ubiquitin ligases. We suspect that the characterization of these enzymes and their relevant substrates will prove to be important in uncovering additional pathways that are controlled by COMMD proteins.
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